A new study (Zemach et al., 2013) suggests that the chromatin remodeling ATPase DDM1 is specifically required for cytosine methylation at linker histone H1-associated heterochromatin, facilitating access by three cytosine methyltransferases, including a previously uncharacterized CHH methylase, CMT2.
A new study (Zemach et al., 2013) suggests that the chromatin remodeling ATPase DDM1 is specifically required for cytosine methylation at linker histone H1-associated heterochromatin, facilitating access by three cytosine methyltransferases, including a previously uncharacterized CHH methylase, CMT2.
Modulating gene activity in eukaryotes through cytosine methylation is an ancient molecular adaptation that predates the divergence of fungi, plants, and animals. Although some eukaryotes have found ways to do without DNA methylation, those species that do methylate their DNA, including mammals and plants, require cytosine methylation for proper development and for keeping transposons, retroviruses, and other potentially mobile repetitive elements transcriptionally silenced and in check (Law and Jacobsen, 2010) . Determining how genomic patterns of cytosine methylation are established and maintained is an area of active investigation. In the latest issue of Cell, Zemach et al. (2013) provide new insights into why cytosine methylation of transposons and other heterochromatic repeats should specifically require DDM1 (decrease in DNA methylation 1) (Vongs et al., 1993) , an Arabidopsis SWI2/SNF2-related nucleosome remodeling ATPase whose mammalian ortholog, Lsh1 (lymphoid-specific helicase 1, also known as HELLS) plays a similar role in animal cells (Muegge, 2005) .
In plants, as in animals, most cytosine methylation occurs at CG motifs and is accomplished primarily by MET1, the Arabidopsis ortholog of mammalian DNMT1 (Law and Jacobsen, 2010) . CGs are symmetrical in the sense that a CG motif is also present on the paired DNA strand. A mechanism conserved between plants and mammals maintains symmetrical CG methylation following DNA replication via VIM (plant)/UHRF (mammal) proteins that recognize hemimethylated CG sites and recruit MET1/DNMT1. Symmetrical CHG (where H is A, T, or C) methylation can be maintained in plants, too, involving CMT3 (chromomethylase 3), a member of a plant-specific family of cytosine methyltransferases that have a chromo domain as well as a BAH domain (Law and Jacobsen, 2010) . The chromo and BAH domains both allow CMT3 recruitment to nucleosomes bearing histone H3 that is dimethylated on lysine 9 (H3K9me2). In turn, the major H3K9 methyltransferase has an SRA domain that binds to methylated CHG, such that CHG DNA methylation and H3K9 histone methylation specify and maintain one another in a self-reinforcing loop. Asymmetric CHH methylation also occurs in plants and, prior to the new paper by Zemach et al., was thought to be almost entirely attributable DRM2, a de novo cytosine methyltransferase that is the Arabidopsis ortholog of mammalian DNMT3a/b (Law and Jacobsen, 2010) . DRM2 methylation primarily affects transposons and is guided by a process known as RNA-directed DNA methylation (RdDM) (Zhang and Zhu, 2011) . The RdDM pathway begins with multisubunit RNA polymerase IV (Pol IV) (Haag and Pikaard, 2011) , which synthesizes precursors or 24 nt siRNAs that associate with Argonaute 4 (AGO4) and guide the complex to sites of transcription by multisubunit RNA polymerase V (Pol V) (Haag and Pikaard, 2011) . Through protein-protein interactions that are not fully understood, DRM2 is recruited and cytosines in all sequence contexts are methylated. CG and CHG methylation can then be perpetuated by maintenance methylation. However, asymmetric CHH methylation by DRM2 is not maintained in the absence of siRNA.
In ddm1 mutants, 70% of all genomic methylation is lost, affecting CG, CHG, and CHH methylation primarily within transposons and heterochromatic repeats for reasons that have been unclear (Vongs et al., 1993) . Zemach et al. provide several new insights. The first is that ddm1 cytosine methylation losses are suppressed in null mutants for histone H1, suggesting that chromatin remodeling by DDM1 is specifically needed to overcome decreased nucleosome mobility and higher-order nucleosome packaging facilitated by H1 (Robinson and Rhodes, 2006) (Figure 1) . A second insight is that DDM1 enables the maintenance of cytosine methylation by three different DNA methyltransferases: MET1 for CG, CMT3 for CHG, and CMT2 for CHH methylation. A third insight is that DDM1-dependent methylation and DRD1-dependent methylation together account for essentially all transposon cytosine methylation. Whereas DDM1 facilitates CG, CHG, and CHH (via CMT2) methylation within long transposons that are enriched for heterochromatic features and localize primarily within pericentromeric regions, DRD1 and the RdDM pathway account for methylation of small transposons and the edges of long transposons, in generally euchromatic regions of the chromosome arms.
The newly defined role for CMT2 in CHH methylation helps explain several previous observations. For instance, CHH methylation found to persist in drm1 drm2 cmt3 triple mutant implicated an undefined cytosine methyltransferase (Cokus et al., 2008) , which can now be safely presumed to be CMT2. Likewise, in a recent study of pol iv or pol v mutants, the total number of methylated genomic CHH sites was similar to wild-type, with half of all sites unchanged and the remainder occurring at ectopic locations, primarily within pericentromeric regions (Wierzbicki et al., 2012) . CMT2 seems likely to account for the methylated CHH sites that were maintained, whereas the ectopic methylation sites could be the work of DRM2 no longer guided by Pol IV-or Pol V-dependent RNAs. Genetic tests of these hypotheses should be straightforward.
An important implication of the study by Zemach et al. is that DDM1 and CMT2-dependent CHH methylation can be maintained, in the absence of small RNAs, via crosstalk with histone methylation. CMT2, like CMT3, has a chromo and a BAH domain, both of which can bind H3K9me2. In a mutant (ibm) defective for the removal of H3K9 methylation, which accumulates within gene bodies as a consequence of transcription, H3K9me2 recruits CMT3, resulting in high levels of CHG methylation not observed in wild-type plants (Miura et al., 2009) . Zemach et al. demonstrate that CHH methylation also increases in ibm mutants, suggesting that CMT2 might be recruited by histone modifications in the same way as CMT3.
Another noteworthy point reinforced by the study by Zemach et al. is that maintenance methylation probably does not take place on naked DNA immediately following passage of the DNA replication fork, as is often depicted in review articles. The presence of binding domains for methylated H3K9 in mammalian UHRF proteins and plant CMT2 and CMT3 and cytosine methyltransferases' need for help from nucleosome remodelers such as DDM1 or Lsh1 are compelling evidence that cytosine methylation occurs in a nucleosomal context involving both core and linker histones. Linker histone H1 (yellow) is thought to decrease nucleosome mobility by interacting with DNA at the entry and exit points of each nucleosome core particle (blue) and promoting tight packing of nucleosomes. Genetic evidence of Zemach et al. suggests that DDM1 is needed to counteract the effects of H1 for cytosine methylation. The model depicts one possibility to explain the genetic results, consistent with other chromatin remodeling ATPases, whereby DDM1overcomes the DNA binding energy of H1 to loop out DNA from the surface of nucleosome. Translocation of the looped-out DNA around the nucleosome transiently generates a longer linker on the other side of the nucleosome, where DNA methyltransferases (MTAse) might gain access and methylate the DNA (orange hexagons). Concerted action of multiple DDM1 translocases could effectively slide DNA through the nucleosomes like rope through a series of pulleys.
